Much experimental work has been devoted in comparing the folding behavior of proteins sharing the same fold but different sequence. The recent design of proteins displaying very high sequence identities but different 3D structure allows the unique opportunity to address the protein-folding problem from a complementary perspective. Here we explored by Φ-value analysis the pathways of folding of three different heteromorphic pairs, displaying increasingly high-sequence identity (namely, 30%, 77%, and 88%), but different structures called G A (a 3-α helix fold) and G B (an α∕β fold). The analysis, based on 132 site-directed mutants, is fully consistent with the idea that protein topology is committed very early along the pathway of folding. Furthermore, data reveals that when folding approaches a perfect two-state scenario, as in the case of the G A domains, the structural features of the transition state appear very robust to changes in sequence composition. On the other hand, when folding is more complex and multistate, as for the G B s, there are alternative nuclei or accessible pathways that can be alternatively stabilized by altering the primary structure. The implications of our results in the light of previous work on the folding of different members belonging to the same protein family are discussed.
T he ultimate goal of a biophysical study is to extract general rules from the analysis of simple systems, a task that is particularly challenging in the case of protein folding. In fact, when considering different globular proteins, complexity stems by and large from the difference in sequence but also the multiplicity of structures of the native and denatured states. A suitable strategy to tackle the problem is to study proteins that differ in sequence but share the same overall fold, i.e., members of the same protein family (1) (2) (3) (4) (5) (6) (7) (8) . Over the past two decades, this approach allowed drawing some general conclusions about the correlation between 3D structure and sequence composition. In particular, it was reported that the mechanism of folding is, generally, conserved for members of the same protein family (9, 10) supporting the idea that native topology is often a main factor in controlling folding pathway and speed (11) .
A sophisticated protein engineering approach allowed Bryan and co-workers to obtain pairs of proteins with an increasing degree of sequence identity (up to the extraordinary value of 95%), but different 3D structure and function (12, 13) . The primary structure of two domains from the streptococcal protein G, sharing 16% sequence identity, was subjected to extensive site-directed mutagenesis cycles, leading to the synthesis of pairs of variants with an increasing level of sequence identity (30%, 77%, 88%, and 95%, respectively) (12, 13) . The two wild-type protein domains are called G A , displaying a three-helix bundle fold, and G B , displaying a α þ β ubiquitin-like fold. Therefore, the different variants ( Fig. 1) were identified as G A 30, G A 77, G A 88, and G A 95 (for the G A fold), and G B 30, G B 77, G B 88, and G B 95 (for the G B fold), depending on their relative degree of sequence identities. These five pairs represent a paradigmatic experimental model system to address the folding problem from an original perspective; how can similar sequences lead to very different folds?
We have recently analyzed the folding mechanisms of G A 88 and G B 88 at a variety of different conditions by experiments and simulations (14) . We observed that despite the high level of identity of the primary structures of these two proteins (49 out of 56 residues), their folding pathways appear to diverge as early as in the denatured state, which in G B 88 but not in G A 88 displays a detectable residual structure. This surprising finding prompted us to carry out a systematic analysis of each of the heteromorphic variants designed by Bryan and co-workers (12) . The natural wildtype G A domain contains no intrinsic fluorescent probe (i.e., no Trp) and differs by only three amino acids from the lower tier G A 30. Furthermore, we could not carry out a complete folding characterization of the variants G A 95 and G B 95, which differ only in three positions (15) , because of their low thermodynamic stability. Therefore, we have undertaken a detailed analysis of the folding pathways of the three remaining heteromorphic pairs, which were subjected to an experimental investigation using the Φ-value analysis (16) . This procedure, introduced and validated by Fersht et al. (ref. 17 and references therein), infers structural information on folding transition state(s) by comparing the kinetics and thermodynamics of folding of a given protein with those of a series of conservative mutants; in this work, 132 mutants were fully characterized.
The results show that when folding approaches a perfect twostate scenario, as in the case of G A , the structural features of the transition state of G A 30, G A 77, and G A 88 appear very robust to changes in sequence composition and are therefore similar. On the other hand, when folding is more complex, as in the case of the three-state folder G B , there are multiple and alternative nuclei or accessible pathways that can be selectively stabilized by altering the primary structure. The implications of our results in the light of previous work on the folding of members of the same protein families are discussed and highlight the crucial physicochemical features which bias the early commitment to the α þ β fold of the G B family.
Results
To test how sequence composition versus topology dictates the folding of proteins, we performed an extensive Φ-value analysis on six different proteins ( Fig. 1), Performing a complete Φ-value analysis demands a careful selection of the experimental conditions. In fact, the protein of interest must be stable enough to allow accurate determination of the folding kinetics for its destabilized mutants, but it must not be too stable, otherwise its unfolding kinetics may be difficult to evaluate with the necessary accuracy. As detailed below, since the three pairs of proteins characterized in this work and their site-directed variants displayed widely different thermodynamic stabilities as well as different sensitivities to changes in ionic strength, we optimized the experimental conditions for each protein with regard to temperature and type of denaturant (i.e., urea or GdnHCl). In addition, in an effort to test the robustness of the folding pathway, a limited set of Φ values was measured for each protein at more than one experimental condition, while the full set of Φ values was obtained for each system at pH 7.2 (see SI Text).
G A Proteins. Urea induced equilibrium transitions of G A 30, G A 77, and G A 88 were measured at 25°C and pH 7.2 in 50 mM sodium phosphate buffer. A typical equilibrium denaturation profile for each protein is reported in Fig. 2 A-C) . While in the case of G A 77 and G A 88 we could observe monotonic sigmoidal transitions, G A 30 was found to be too stable and was not fully denatured even at very high urea concentrations; therefore, in the case of G A 30 we performed (un)folding experiments using GdnHCl. Because of the ionic nature of GdnHCl, we could not perform (un)folding experiments with this denaturant on G A 77 and G A 88, since their stabilities display a pronounced dependence on ionic strength, as shown by folding experiments in the presence of sodium chloride.
We extensively studied the folding and unfolding kinetics of G A 30, G A 77 and G A 88 by stopped-flow and temperature jump (T-jump) experiments. In the case of G A 77 and G A 88, it was not possible to measure reliable folding and unfolding rate constants at 25°C over a wide range of denaturant concentration because reactions were too fast for our stopped-flow apparatus; thus, kinetic folding data for the two proteins were recorded at 10°C. In all cases, the folding and unfolding time courses were fitted satisfactorily to a single exponential decay at any final denaturant concentration. Semilogarithmic plots of the observed folding/ unfolding rate constants of G A 30, G A 77, and G A 88 versus denaturant concentration (i.e., chevron plots) are presented in Fig. 3 A-C. All proteins displayed a V-shaped chevron plot, a hallmark of two-state folding. Two-state folding was further confirmed by the excellent agreement between the thermodynamic parameters obtained by equilibrium and kinetic data. These data parallel earlier studies on G A 88 (14) and confirm that this protein system folds via a two-state folding pathway with an unstructured denatured state.
We addressed the structural features of the transition state for folding of the G A proteins by Φ-value analysis. A total of 50 mutants was produced: 14 for G A 30, 17 for G A 77, and 19 for G A 88. Three mutants expressed poorly or were too unstable to be included in the analysis. The remaining 47 were subjected to equilibrium and kinetic folding experiments (Figs. S1-S3). In some cases, the folding and unfolding rate constants were too fast for the stopped-flow methodology and were determined using a capacitor-discharge T-jump apparatus. Fitted parameters are listed in Table S1 .
Following a generally accepted convention (16, (18) (19) (20) , the experimentally determined Φ-values were grouped in three different classes and mapped on the native structure of the G A protein ( proteins monitored by CD in 50 mM sodium phosphate buffer at pH 7.2. As described in the text, because of the different thermodynamic stabilities of the proteins, the equilibrium denaturations were performed at different experimental conditions: the unfolding experiment of G A 30 was performed at 25°C using GdnHCl; G A 77 and G A 88 experiments were performed at 10°C using urea; the unfolding denaturations of G B 30 and G B 77 were carried out at 25°C using GdnHCl; and G B 88 experiment was performed at 25°C using urea and 0.4 M sulfate. For all proteins, the pH was held at the constant value of 7.2 in the presence of 50 mM sodium phosphate.
of Fig. 4 clearly reveals that the folding nucleus is by and large conserved in all the G A proteins, with the highest Φ values clustered at the interface between helix 1 and helix 2, suggesting that, in the case of such a two-state system, the dominant folding mechanism is very robust to perturbations of the primary structure.
G B Proteins. The folding pathway of the G B proteins is inherently more complex than that of the G A partners. In fact, we have previously shown (21) that the wild-type G B protein, commonly referred as GB1, a widely used model system for protein-folding studies, is characterized by the presence of an on-pathway intermediate, as indicated by a curvature in the unfolding arm of its chevron plot. Such a curvature, detected only at high concentrations of GdnHCl, allows addressing experimentally both the early and late folding events. Consequently, we resorted to study the folding of G B 30, G B 77, and G B 88 at 25°C and pH 7.2 in 50 mM sodium phosphate buffer, using GdnHCl as a denaturing agent. Unfortunately, however, in the case of G B 88, many of its sitedirected variants were poorly soluble at moderate concentrations of GdnHCl, and we could not obtain reliable folding data on this system with this denaturant. Furthermore, the low stability of this variant did not allow us to perform a complete Φ-value analysis in the absence of the stabilizing agent sodium sulfate. All folding studies of G B 88 were therefore carried out using urea as denaturant and in the presence of 0.4 M sodium sulfate.
The equilibrium unfolding transitions of G B 30, G B 77, and G B 88 are reported in Fig. 2 D-F . In all cases, we observed a monotonic sigmoidal transition, suggesting the absence of equilibrium intermediates.
The chevron plots for G B 30, G B 77, and G B 88 as a function of denaturant concentration, at 25°C and pH 7.2, are reported in Fig. 3 D-F . It is evident that, in analogy to what previously observed for GB1, both G B 30 and G B 77 display a pronounced curvature in their unfolding arms, as expected for a three-state folding mechanism (22, 23) . In the case of G B 88, while we could not detect such a curvature when performing the experiments in urea, data recorded in the presence of high concentrations of GdnHCl were similar to those of G B 30 and G B 77 (Fig. S4 ). This observation suggests that all the G B variants appear to conform to a three state-folding mechanism.
We addressed the structural features of the early and late transition states for folding of the G B proteins by Φ-value analysis. We produced a total of 82 mutants: 24 for G B 30, 27 for G B 77, and 31 for G B 88. 16 variants expressed poorly or were too unstable to be included in the analysis. The remaining 66 were subjected to equilibrium and kinetic folding experiments (Figs. S5-S7 ). In the case of G B 30 and G B 77, the data for each variant was globally fitted to a three-state equation with m-values assumed to be the same as those of the wild-type proteins. All data was in agreement with a three-state mechanism involving the presence of two folding transition states, a more denatured-like TS1 (β ¼ 0.77 and β ¼ 0.69 for G B 30 and G B 77, respectively) and a native-like TS2 (β ¼ 0.97 for both the proteins). On the other hand, in the case of G B 88, because of the low solubility of its variants in the presence of GdnHCl, we could perform the experiments only in the presence of urea, obtaining structural information only on the early transition state TS1 (β ¼ 0.81).
A graphic depiction of the structural distribution of the measured Φ-value for TS1 and TS2 of G B 30 and G B 77 and of TS1 of G B 88 is reported in Fig. 5 . It is interesting to note that the distribution of the measured Φ-values for the first transition state (Φ TS1 ), plotted on the native structure of G B , show considerable differences among G B 30, G B 77, and G B 88. In fact, looking at G B 30 and G B 88, a shift of the medium-high Φ-values from the first β-hairpin to the second, with G B 77 displaying an intermediate behavior (Fig. 5) , may be appreciated. This trend indicates that alternative folding nuclei, located at the hairpins between either β1-β2 or β3-β4, drive the folding to the G B -topology. These nuclei may be selectively stabilized depending on amino acid composition. Remarkably, in the native-like transition state TS2, which we could infer only for G B 30 and G B 77, both nuclei appear in the process of being folded, and the two transition states display a similar overall structure, indicating that the alternative folding pathways converge as the native state is approached. In order to compare the Φ-values obtained under different conditions, kinetic experiments on some mutants were performed with both guanidine and urea. The calculated Φ-values were approximately the same; the folding mechanism of the G B proteins is therefore not affected by the nature of the denaturant agent used to obtain the data [ Fig. S8 shows the structural distribution 
Discussion
The holy grail in protein-folding studies is to unveil the correlation between sequence information and reaction mechanisms. A classical approach to address this question has been to study proteins that differ in amino acid sequence but share the same fold (1) (2) (3) (4) (5) (6) (7) (8) . On the other hand, the design and production of proteins sharing high sequence identity, yet displaying a different structure and function, allows for the first time to approach the folding problem from a complementary perspective (12, 15, 22, 23) . In this work, we have characterized the complete folding pathway of heteromorphic proteins originating from two domains of streptococcal protein G being either fully α-helical (called G A ) or largely β (called G B ). An extensive Φ-value analysis of G A 30, G A 77, G A 88, and of G B 30, G B 77 and G B 88 generates a "matrix" of proteins, which share the same topology (the two rows of Fig. 1 ) and display increasingly high sequence identities while keeping a different structure.
When does a protein commit to its native topology in its folding pathway? In a preliminary study, we compared the folding and unfolding kinetics of G A 88 and G B 88 at a variety of different experimental conditions (14) . We observed that a detectable residual structure is present in the denatured state of G B 88, while the denatured state of G A 88 is essentially unstructured. In the light of these observations, we hinted that the folding pathways of these two proteins diverge as early as in the denatured state. In the present work, by systematically describing the structural features of the folding transition states of G A 30, G A 77, G A 88, as well as of G B 30, G B 77, and G B 88, we have taken our comparative study on heteromorphic pairs to the next level of complexity addressing by Φ-value analysis the structure of the transition states. Remarkably, the structural distribution of the measured Φ-values in all these variants is reminiscent of what has been previously observed in many single domain proteins, with a weak nucleus displaying moderately high values of Φ (>0.7), and simultaneous formation of extensive native-like structure, which gradually tapers off from the nucleus to other regions of the protein (24, 25) . Accordingly, the transition states of all the proteins considered here appear to resemble a distorted version of the corresponding native states, with some polarization of structure at the N-or C-terminal β-hairpins in the case of G B 30 and G B 88 respectively. Furthermore, additional support for the presence of residual structure in the denatured state of G B 88 is represented by the presence of three nonstandard values of Φ (i.e., L20A, V21A, and Y33F; Table S2 ). Remarkably, these positions are located at the N-and C-terminal regions of the central helix of the G B fold, which was observed by molecular dynamics simulation to be partially formed in the denatured state of G B 88 (14) . Overall, despite the very high level of sequence identities, when comparing the folding of each heteromorphic pair, no common intermediate was detected, suggesting that they fold via completely independent paths. All these findings converge in indicating that proteins commit very early to their topology, and the structural features leading to their native state are, most likely, already imprinted in their denatured states.
A crude but reliable method to compare the folding pathways of these different proteins is to analyze the structural distribution of measured Φ-values. From this perspective, data indicates that, while in the case of G A the mechanism appears rather robust to divergence in primary structure, in the case of G B , folding is more malleable. In fact, when mapped onto the corresponding native structures (Fig. 4) , the Φ-values reveal a conserved transition state among all the three G A variants (G A 30, G A 77, G A 88); on the other hand, G B 30 and G B 88 clearly display a shift of the medium-high Φ-values from the first β-hairpin to the second, with G B 77 displaying an intermediate outlook (Fig. 5) . This finding may be seen in the light of the proposal that the number of accessible pathways for folding is determined by the different nucleation motifs contained within a given native topology (26) . For example, the structure of ribosomal protein S6 seems to be composed of two different nucleation patterns acting as independent cooperative units, each of which constitutes a separate entry to parallel folding trajectories (27) . Accordingly, it may be suggested that in the case of G B , the symmetrical organization of its 3D topology implies the presence of multiple nucleation motifs that permit alternative folding pathways.
For our purposes, it would be revealing to understand which structural determinants preclude the sequence of the G A proteins to adopt the structure of G B and vice versa. Recent molecular dynamics simulations on G A 88 and G B 88 suggested the long and stable helix in the central region of the sequence of G B 88 preventing the polypeptide chain to form the loop connecting helix 1 and helix 2 in G A 88 and thus to fold into a fully helical structure (14) . This finding is further corroborated by the high helical propensity of the only α-helix of all the G B proteins as predicted by AGADIR (28) , when compared to the G A counterparts. By following this view, it is interesting to note that structure selection in the G A proteins seems to be initiated by the formation of the critical contacts between helix 1 and helix 2 (Fig. 4) . In the case of the G B proteins, on the other hand, the Φ-value analysis reported in this work, together with the previously published molecular dynamics simulations, suggests a scenario whereby folding is guided by the alternative docking of the N-or C-terminal hairpins on the central long helix, that might be (partially) preformed in the denatured state.
Although the protein-folding reaction involves the formation and breakage of a myriad of contacts, a typical feature of small single domain proteins is the ability to fold cooperatively (29) (30) (31) . Many weak noncovalent bonds form simultaneously and, very often, only the fully native and fully denatured states may be experimentally detected. Yet, because cooperativity is never extreme, not all residues are equally important for folding, and one or more regions of the protein tend to display a selective propensity to fold independently (32, 33) . These subdomains initiate the folding reaction and act as folding nuclei. Accordingly, when cooperativity decreases, the energetic coupling for folding of different regions of the same protein is also decreased, i.e., different regions of the protein may fold independently and folding may become modular. In this perspective, it is of interest to compare the different robustness of the folding mechanisms for the G A and G B proteins. In fact, while G A , a two-state system, appears to display a unique nucleus, in the case of G B , where the tendency to populate folding intermediates is documented, alternative nuclei are present and folding is more sensitive to changes in sequence composition. Overall, our data reveals that pathway malleability is determined by the presence of multiple nuclei; the segregation of such nuclei results in stabilization of folding intermediates, whereas "perfect" two-state systems are characterized by a unique diffused nucleus and, therefore, by a robust folding pathway.
Materials and Methods
Site-Directed Mutagenesis and Protein Expression and Purification. G A and G B genes were cloned into the vector pG58 (provided by Philip N. Bryan, University of Maryland) which encodes an engineered subtilisin pro-sequence as the N terminus of the fusion protein (34) . These genes were used as templates to perform site-directed mutagenesis. All mutants were obtained by using the QuikChange mutagenesis kit (Stratagene), according to the manufacturer's instructions. All of the mutations were confirmed by DNA sequencing.
Proteins were expressed and purified as described previously (14) .
Equilibrium Unfolding. Circular dichroism (CD) spectra were recorded between 250 and 200 nm using a Jasco spectropolarimeter (Jasco, Inc., Easton, MD, USA). Urea and guanidine denaturations were followed at 222 nm in a 1 cm path length quartz cuvette (Hellma, Plainview, NY, USA) at 10°C or 25°C. Protein concentration was typically 15 μM. The buffer used was 50 mM sodium phosphate pH 7.2.
Stopped-Flow Measurements. Single mixing kinetic folding experiments were carried out on a Pi-star or on an SX-18 stopped-flow instruments (Applied Photophysics). The excitation wavelength was 280 nm and the fluorescence emission was measured using a 320 nm cut-off glass filter. In all experiments, performed at 25°C and 10°C, refolding and unfolding were initiated by an 11-fold dilution of the denatured or the native protein with the appropriate buffer. The buffer used was 50 mM sodium phosphate pH 7.2. Final protein concentrations were typically 1 μM. The observed kinetics were always independent of protein concentration (from 0.5 to 5 μM after mixing protein concentration), as expected from monomolecular reactions without effects due to transient aggregation (35) .
T-Jump Fluorescence Spectroscopy. The relaxation kinetics were measured as a function of guanidine or urea by using a Hi-Tech PTJ-64 capacitor-discharge T-jump apparatus (Hi-Tech). Temperature was rapidly changed from 18°C to 25°C and from 4°C to 10°C with a jump size of 7°C and 6°C, respectively. 10 to 20 individual traces were averaged at given denaturant concentrations. Protein concentration was typically 20 μM. The excitation wavelength was 280 nm, and the fluorescence emission was measured using a 320 nm cutoff glass filter.
Data Analysis. Equilibrium experiments. Data were fitted to a standard twostate denaturation. An equation that takes into account the pre-and posttransition baselines was used to fit the observed unfolding transition (36) .
Kinetic experiments. Analysis was performed by nonlinear least squares fitting of single exponential phases using the fitting procedures provided in the Applied Photophysics software. The chevron plots were fitted globally by numerical analysis based on a two-or a three-state model. The logarithm of each microscopic rate constant was assumed to vary linearly with denaturant concentration. The observed chevron plots were fitted globally with shared m-values. The global fit was obtained with Prism software (Graphpad). Φ values were calculated from folding rate constants using standard equations (17) .
